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Introduction
Rechargeable lithium batteries are promising energy storage systems for wide applications including portable electronics, electric vehicles and grid-level energy storage [1] [2] [3] [4] . With the increasing demand of higher energy density, it is critical to exploring new materials with higher specific capacity. The lithium metal anode is regarded as the "Holy Grail" for rechargeable lithium batteries as it has a high theoretical capacity of 3860 mAh/g, ten times that of the commercial graphite electrode, and the lowest electrode potential (À 3.04 V vs. Standard Hydrogen Electrode) [5, 6] . However, lithium tends to form uncontrollable dendrites during electrochemical cycling ( Fig. 1a) , which not only reduces the coulombic efficiency (CE), consumes the electrolyte, but may also cause internal shorting and cell explosion [7] [8] [9] [10] [11] [12] . Hence, it is critical to realizing dendrite-free lithium deposition to render lithium electrode practical.
Various strategies have been developed to control and suppress lithium dendrites growth in the past several years, such as 3D current collector [13] [14] [15] , composites with carbon materials [16] [17] [18] and alloying with metals [19] , artificial solid electrolyte interphase (SEI) [19] [20] [21] [22] , and solid state electrolyte [23] [24] [25] [26] [27] [28] . In studying lithium metal anode, ether electrolyte is widely used, such as 1 M LiTFSI in DOL/DME (1:1 v/v), but ether electrolyte is typically not stable with 4 V cathode, such as LiNi x Co y Mn 1-x-y O 2 (NCM), which is needed to realize high energy density lithium batteries. On the other side, the standard LiPF 6 /carbonate electrolytes are notorious for fast dendrite growth and poor CE when combined with the lithium anode [29] . Therefore, it remains a grand challenge to improve the performance of lithium metal electrode in 4 V-stable carbonate electrolytes. Interlayer design is an attractive method to suppress lithium dendrites in carbonate electrolyte, such as creating interfacial layer that has high modulus or can homogenize current distribution [21, 22] . It is also a significant strategy to suppress lithium dendrites through interfacial engineering on lithium surface. Based on previous research progress, two approaches are usually adopted to construct stable and uniform SEI on lithium surface. One way is to form an artificial ex-situ SEI on Li surface in advance to guide Li þ deposition. The preformed SEI could be inorganic, polymeric or mixed phases, and the SEI could be single or multiple layers [30] [31] [32] [33] [34] . Another way is to promote homogeneous in-situ SEI formed on Li surface through rational electrolyte design [35] [36] [37] [38] . Although Nazar group reported the synergistic effects of fast lithium ion migration from Li-rich ionic conducting alloys and insulating components [19] , the adhesion between the interfacial layer and lithium has been overlooked and not investigated before.
In our work, we first demonstrate that the adhesion between the interfacial layer and lithium metal plays a significant role in suppressing lithium dendrites by phase field simulation, which shows that adhesion energy of 0.5 J/m 2 can effectively suppress dendrite growth. Then based on density functional theory (DFT) calculation, LiAl is identified as a promising candidate to achieve high adhesion energy. LiAl-rich interfacial layer is then formed by simple chemical treatment, and its effect on the electrochemical performance of batteries is tested. With such rationally designed nano-interface, stable cycling in Li/Li cells is achieved for over 400 h at 5 mA/cm 2 and 1 mAh/cm 2 , corresponding to 1000 cycles. LiFePO 4 (LFP)/Li and LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NCM)/Li cells also show significantly enhanced cycling performance compared to those with bare lithium anode, such as capacity retention of 99.4% vs. 79.5% for 150 cycles in LFP-Li cell at 1 C (~1.1 mA/cm 2 ), and 88.7% vs. 59.8% for 120 cycles in NCM-Li cell at 1 C (~0.93 mA/cm 2 ). These results successfully demonstrate the effectiveness of this simple AlCl 3 treatment for improving lithium anode performance in carbonate electrolytes.
Material and methods

Material
LiFePO 4 powder was received from Hydro-Qu� ebec. Carbonate electrolyte (1 M LiPF 6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v)) was prepared without any additives. LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NCM) and LiCoO 2 (LCO) powder were purchased from MSE Supplies LLC and used as received. Carbon black (Super C65) was bought from Timcal. PVDF was received from Arkema. AlCl 3 powder and tetrahydrofuran (THF) were purchased from Sigma Aldrich without optimization. The separator was purchased from Celgard.
Sample preparation
The AlCl 3 powder was dissolved in THF with a concentration of 0.3 M. A lithium foil was scratched to ultra-smooth and without residual contamination. Then the lithium foil was immersed into the AlCl 3 /THF solution for 2 min and taken out. Kimwipe was used to wipe the residual solutions, and the lithium foil was further washed by tetrahydrofuran (THF). The side of the lithium chip not facing separator was scratched to ultra-smooth again to remove the surface modification. The lithium foil was put into glovebox antechamber full of argon atmosphere, undergoing evacuation and refilling for five times to evaporate the residual solvents.
Battery assembly and electrochemical measurements
Li/Li cells were fabricated in carbonate electrolyte. The LiFePO 4 or LiNi 1/3 Co 1/3 Mn 1/3 O 2 electrode was prepared by casting a slurry mixture onto aluminum foil containing 80 wt% LiFePO 4 , LiNi 1/3 Co 1/3 Mn 1/3 O 2 or LiCoO 2 powders, 10 wt% Super C65 carbon additive, and 10 wt% PVDF in 1-methyl-2-pyrrolidone (NMP). Then the aluminum foil was first dried at 80 � C for 5 h and then at 110 � C for another 2 h in the fume hood. After drying, the LiFePO 4 , LiNi 1/3 Co 1/3 Mn 1/3 O 2 or LiCoO 2 Fig. 1. (a) Lithium dendrite growth on bare lithium with a spontaneous SEI of low adhesion energy (top). Lithium dendrite suppression with a LiAl-based interfacial layer of high adhesion energy (bottom). The cartoons at the right side are SEI composition models of spontaneous SEI on lithium and AlCl 3 modified lithium. (b-c) Phase-field simulation results. The 2D phase-field simulation of Li electrodeposition at bare lithium and lithium metal anodes with coating layers of different adhesion energies: the snapshots of (b) phase morphology, and (c) Li ion concentration at t ¼ 1000s. Details can be found in the section of phase-field simulations method in the supplemental information. The size for phasefield simulation is 10 � 10 μm. The applied bias between two lithium electrodes is 0.1 V. electrode was punched into disks with a diameter of 12 mm. The cells were fabricated in regular CR2032 coin cells. All the cells were assembled in a glovebox with O 2 and H 2 O less than 0.5 ppm. Li/Li cells were tested in carbonate electrolyte at different current densities, 0.5, 1, 3, 5 and 10 mA/cm 2 with a total capacity of 1 mAh/cm 2 . The electrochemical impedance spectroscopy (EIS) was tested by a Bio-Logic SAS VMP3 tester from 1 MHz to 0.1 Hz.
Characterizations
The microstructure images were collected from a scanning electron microscopy (SEM, MERLIN VP Compact, ZEISS). The phase structure was investigated by X-ray Diffraction (XRD, Cu Kα, D/max-V2500, Rigaku, Japan). Because the signals from lithium metal matrix was very strong, the interfacial layer was scratched and sealed in a stage with Kapton tape in glovebox with Ar atmosphere for XRD characterizations. The surface composition was analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi electron spectrometer, Thermo Fisher Scientific), Auger electron spectroscopy (AES, PHI-700, ULVAC-PHI) and time of flight secondary ion mass spectrometry (TOF-SIMS, TOF, SIMS 5-100, ION-TOF GmbH) were used to analyze the distribution of elements at the interfacial layer. The sputtering rate of AES is 10 nm/ min based on SiO 2 . The sputtering rate of TOF-SIMS is 7.5 nm/min. The cross-sectional morphology was collected by focused ion beam (FIB) technique (crossbeam340, Zeiss).
Results and discussion
To understand the effect of interfacial adhesion on dendrite growth, four different scenarios are investigated by the phase field method, including bare lithium metal anode, 3 μm-thick layers coating lithium metal anodes with adhesion energy of 0, 0.1 and 0.5 J/m 2 , respectively ( Fig. 1b ). By tuning adhesion energy from 0 to 0.1 J/m 2 , the inhomogeneity of deposited lithium is gradually reduced with increasing adhesive energy at the interface. When the adhesion energy reaches 0.5 J/m 2 , a smooth and flat surface of the deposited lithium metal is observed, indicating that lithium dendrites can be effectively suppressed when the interfacial adhesion between the coating and lithium is strong enough. The enhanced adhesion also leads to more uniform concentration profile of Li þ at the electrode/electrolyte interface ( Fig. 1c ) and current density distribution ( Fig. S5 ). In comparison, we also simulated the electrodeposition on bare lithium metal anode without interfacial layer, where dendritic morphology appears clearly at the anode surface ( Fig. 1b , most left). In general, the poor interfacial adhesion strength (typical less than 0.1 J/m 2 , as estimated in previous work [39] ) is one of the major reasons contributing to the dendrite growth at lithium metal anodes covered by conventional SEI consisting of Li 2 CO 3 , LiF, Li 2 O etc [6] . formed in carbonate electrolytes. Therefore, we proposed and designed a new LiAl-based interfacial layer with high adhesion energy to suppress the dendrite formation at lithium metal anodes interface.
To identify interfacial material with high adhesion, density functional theory (DFT) calculation is used to derive the interfacial energy and adhesion energy. The calculated interfacial energy of LiAl/Li is À 0.123 J/m 2 , which means it is thermodynamically stable (Figs. S1-3). At the same time, Li/LiAl interface has a high adhesion energy of 1.58 J/ m 2 , representing the strong interfacial strength. Furthermore, we have calculated the charge density difference by interface model ( Fig. 2a and S4), and it shows electron accumulating at the interface between LiAl and Li. This also indicates strong interfacial interactions. Due to its high stability and strong interfacial strength with lithium metal, we adopt LiAl as the interfacial layer for suppressing lithium dendrites.
The LiAl interfacial layer is realized by simply dipping a lithium foil in 0.3 M AlCl 3 in THF for 2 min followed by washing in pure THF, which is easy to scale up. Scanning electron microscopy (SEM) images illustrate that the lithium surface has nanoparticles with diameters of ~500 nm embedded in a matrix (Fig. 2b) . From the X-ray diffraction (XRD) of the surface layer scratched from the lithium metal anode (Fig. 2c) , the coexistence of LiCl and LiAl is further verified. In XRD, strong peaks of LiAl and weak peaks of LiCl are observed, suggesting higher portion of LiAl than LiCl. To further elucidate the spatial distribution of LiAl and LiCl, Auger electron spectroscopy (AES) mapping was carried out, showing that Cl signals formed scattered islands in a matrix of Al signals, indicating scattered LiCl domains in a matrix of LiAl (Fig. 2d ). The existence of Al and Cl on the surface is also analyzed by X-ray photoelectron spectroscopy (XPS) (Fig. S8) . Based on such evidence, we think the corresponding reaction is 4Li þ AlCl 3 →LiAl þ 3LiCl. Since LiCl is soluble in THF, most generated LiCl is dissolved, which left minor portion of LiCl nanodomains inside the LiAl matrix.
To further understand the composition of the interfacial layer in 3D, focused ion beam (FIB) was first employed to cut the cross section of the lithium anode, and the thickness of artificial SEI layer was estimated to be about 2 μm (Fig. 2e ). Further tests by AES depth profile ( Fig. 2f ) and TOF-SIMS imaging (Fig. 2g ) validate the existence of LiAl and LiCl through the interfacial layer, as Al and Cl were observed during the entire sputtering process. The LiAl and LiCl appear to have a higher concentration at the top (nominally ~600 nm based on a nominal sputtering rate of 10 nm/min, Fig. 2f inset) , suggesting gradual transition from LiAl-based interfacial layer to the lithium metal anode. The high O content in AES may arise from the direct oxidation of Li metal and LiAl caused by the exposure of sample to air during sample transferring.
Besides morphological and compositional characterizations, the adhesion strength was also estimated by tape tests, where a kapton tape was applied to modified lithium surface and peeled off. The surface color does not change, indicating that the interfacial layer sticks to the lithium surface very well (Fig. S9) .
To investigate the effectiveness of this interfacial layer on the suppression of lithium dendrites in carbonate electrolytes, we tested the cycling stability of Li/Li cells at 0.5, 1, 3, 5 and 10 mA/cm 2 , respectively, with a total capacity of 1 mAh/cm 2 . All tests were performed in 1 M LiPF 6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 v/v) without any additives. The modified electrodes show much better performance than bare lithium metal anode ( Fig. 3a and S10a). At 0.5 mA/ cm 2 and 1 mAh/cm 2 , the AlCl 3 modified Li/Li symmetric cell displays a steady overpotential of 70 mV within the first 1000 h, and then gradually increases from 75 mV at the 1100th hour to 160 mV at the 1600th hour. In contrast, the bare Li/Li cell was shorted after 620 h (155 cycles). At 1 mA/cm 2 , the AlCl 3 modified Li/Li symmetric cell delivers a stable overpotential of 80 mV for 240 h, and slightly rises to 125 mV after 360 h (Fig. S10a) . Similarly, significantly better stability is also observed in AlCl 3 -modified lithium anode compared to the bare lithium at 3 mA/ cm 2 (Fig. S10b) .
In previous studies, typically current density above 5 mA/cm 2 is unbearable in carbonate electrolytes without any additives, and the Li/ Li symmetric cell either shows a very high overpotential or is shorted after a short period of cycling. In contrast, after forming nanotextured surface by AlCl 3 treatment, our cells show much more stable cycling performance at high current densities ( Fig. 3b and S12). For example, at 5 mA/cm 2 , the lithium anode is stable for over 400 h at 5 mA/cm 2 and 1 mAh/cm 2 , corresponding to 1000 cycles. The overpotential is stabilized around 112 mV without further increase. Meanwhile, the overpotential of bare lithium anode increases quickly from 92 mV to 5 V within only 100 h (250 cycles), and the voltage curve fluctuates significantly (Fig. 3b) . Similarly, at 10 mA/cm 2 and 1 mAh/cm 2 , with the modification, the lithium anode is roughly stable for over 300 h or 1500 cycles. The overpotential is ~285 mV. Although some fluctuation is observed, it is much more stable than bare lithium anode, where the overpotential increases dramatically from 206 mV to 5 V within 50 h (Fig. S12) .
The effectiveness of the interfacial layer is also demonstrated by the morphology of the lithium anode upon cycling (Fig. 3c-f ). At 1 mA/cm 2 and 1 mAh/cm 2 with 1 M LiPF 6 in EC/DEC, the nanodomain-like structure still remains after 20 cycles (Fig. 3c) , while the surface of bare lithium becomes mossy with fiber-like structures after 20 cycles (Fig. 3d) . The difference is further amplified after 100 cycles ( Fig. 3e and  f) . While AlCl 3 modified lithium still shows a flattened surface after 100 Fig. 3. (a-b) The cycling performance of Li/Li cells in carbonate electrolyte at different current densities for a total capacity of 1 mAh/cm 2 . (a) 0.5 mA/ cm 2 . The bare Li/Li cell is shorted after 620 h, but the AlCl 3 modified Li is stable for over 1600 h. (b) 5 mA/cm 2 . The inset pictures in (b) is magnified voltage profile. More details can be found in Fig. S11. (c-f cycles, obvious dendrites and filament-like lithium are observed in bare lithium anode, similar to previous reports. Such results clearly show that the AlCl 3 -based treatment enhances the stability of lithium anode even in carbonate electrolytes. Besides, it displays better cycling performance in ether-based electrolyte with nanostructured interface than bare Li (Fig. S13) .
To further evaluate the effect of this nanostructured adhesive interfacial layer, the modified lithium anode is assembled with both LiFePO 4 (LFP) and LiNi 1/3 Co 1/3 Mn 1/3 O 2 (NCM) cathode (Fig. 4 ). Carbonate electrolyte (1 M LiPF 6 in EC/DEC) is used in both conditions. LiFePO 4 /Li (LFP-Li) cell is cycled at 1 C (Fig. 4a ). While the specific capacity of LFP assembled with bare lithium is stable for the first 90 cycles, it drops fast from 136 to 115 mAh/g from cycle 90 to 150. The voltage hysteresis also increases from 309 mV at cycle 1 to 538 mV at cycle 150. In contrast, the LFP-Li cell assembled with LiAl-coated nanotextured lithium shows almost no capacity decay over the entire 150 cycles (138 mAh/g at cycle 1 to 140 mAh/g at cycle 150). In the voltage profile (Fig. 4b) , the voltage hysteresis decreases from 397 mV at cycle 1 to 325 mV at cycle 150 in LFP-Li with the nanotextured LiAl-coated lithium.
Similarly, the specific capacity of a NCM-Li cell (~0.93 mAh/cm 2 ) assembled with bare lithium decays fast from 102 mAh/g at cycle 1 to 61 mAh/g at cycle 120, when cycled between 4.25 and 3 V at 1 C, representing a capacity retention of only 59.8% (Fig. 4c) . Meanwhile, the voltage hysteresis increases from 238 mV to 1.16 V from cycle 1 to cycle 120 (Fig. 4d) . In contrast, with modified lithium anode, the capacity retention is improved to slow dropping from 130.4 mAh/g at cycle 1 to 115.7 mAh/g at cycle 120, showing a higher capacity retention of 88.7%. The increase in voltage hysteresis is also smaller, only from 88 mV in cycle 1 to 192 mV in cycle 120 (Fig. 4d) . The coulombic efficiency (CE) of the NCM-Li cells is also improved from 98.5% with bare lithium to 98.8% with AlCl 3 -modified Li (Fig. S14) . We also observe that the CE is more fluctuating in bare Li than AlCl 3 modified Li, indicating poorer stability in the bare lithium anode. LiCoO 2 cathode is also assembled in full cell to test the effectiveness of nanostructured adhesive interfacial layer. It displays much enhanced cycling performance at 1C rate (Fig. S15) .
Besides better cycling performance, the nanostructured surface also leads to a significant lower charge transfer impedance, which should arise from higher surface area and probably faster reaction kinetics at the LiAl surface. In Li/Li symmetric cells, the charge transfer resistance decreases from 181 to 78 Ω after AlCl 3 treatment. Similarly, the charge transfer resistance decreases from 148 to 92 Ω in LFP-Li cell and from 144 to 62 Ω in NCM-Li cell after the AlCl 3 treatment, respectively (Fig. S16) . These electrochemical data demonstrate that the nanostructures on lithium surface can help improve capacity retention in full cells with even carbonate electrolytes, which opens new opportunity to develop lithium batteries with high energy density.
Conclusions
In conclusion, through a combination of computation and experiments, we find that enhanced adhesion energy can help suppress the growth of lithium dendrites, and LiAl is an attractive candidate as the interfacial layer due to the strong adhesion with the lithium metal, which is calculated by density functional theory (DFT). In particular, it is shown that a LiAl-based interfacial layer can be formed on lithium metal surface by treating bare lithium metal with AlCl 3 in THF. It is demonstrated that this interfacial layer can remarkably improve the cycling stability of the Li/Li cells even in carbonate electrolyte without any additives, especially at higher current density of 5 and 10 mA/cm 2 . The stabilized lithium with the interfacial engineered layer also leads to enhanced full cell performance with carbonate electrolytes. For example, with a LiNi 1/3 Co 1/3 Mn 1/3 O 2 electrode, the capacity retention is improved from 59.8% to 88.7% at 1 C rate for 120 cycles. Such strategies can be applied to other systems with high voltage carbonate electrolytes to further increase energy density of batteries.
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